. The These results describe a novel pathway for regulating histone H2A.Z variant in one organism shares greater transcription using variant histones to modulate chrosimilarity to other H2A.Z proteins across evolutionary matin structure.
Figure 1. Characterization of HTZ1
(A) High copy HTZ1 is an allele-specific suppressor of hhf1-39. Strains with the histone H4 mutant alleles hhf1-39 (MSY625), hhf1-37 (MSY626), and hhf1-36 (MSY781) were transformed either pMSS34 overexpressing HTZ1 (2 HTZ1) or pMSS32 the parental plasmid (Vector). Ten-fold serial dilutions of cells were spotted on SDC-Ura plates and grown for 5 days at either permissive (28ЊC) or minimal restrictive temperature (35ЊC for hhf1-39 and 37ЊC for hhf1-36 and hhf1-37). (B) Other H2A proteins do not suppress hhf1-39. MSY625 was transformed with either pMSS34 overexpressing HTZ1 (2 HTZ1), pMSS37 overexpressing HTA1 (2 HTA1), or pMSS39 overexpressing BUR6 (2 BUR6). Serial dilutions of cells were spotted on SDCUra plates and grown for 3 days at 28ЊC or 36ЊC. (C) HTZ1 does not suppress the Spt and Sin phenotypes of hhf1-39. Spt phenotype: Strains MSY769 (HHF1) and MSY764 (hhf1-39) containing his4-␦912 and lys2-␦128 alleles were transformed with pMSS34 (2 HTZ1) or the parental vector pMSS32 (Vector). Serial dilutions of cells were spotted on SDC-UraHis plates and SDC-Ura-Lys plates. Sin phenotype: Strains MSY1155 (HHF1 snf2) and MSY1157 (hhf1-39 snf2) were transformed with either plasmid pMSS34 (2 HTZ1) or parental vector pMSS32 (Vector). Serial dilutions were spotted on synthetic media with or without inositol. (D) HTZ1 is essential at increased temperature. Strain MSY1137, hemizygous for HTZ1, was sporulated and tetrads were dissected. Serial dilutions of cells from four meiotic segregants were spotted in rich media and grown for 3 days at 28ЊC and 37ЊC. mena, termed "hv1,'' is present in transcriptionally acThus, H2A.Z variant nucleosomes participate in a novel pathway for regulating transcription through alterations tive macronuclei but is absent from inactive micronuclei (Allis et al., 1986). Furthermore, during conjugation, hv1 in chromatin structure. is expressed in micronuclei just preceding the time when suppresses the Y98H mutation in hhf1-39, but not the binding in a hydrophobic pocket created by residues Y72G mutation in hhf1-36 or the Y88G mutation in from both H2A and H2B. In a previous genetic dissection hhf1-37 ( Figure 1A ). This allele specificity suggests that of these interactions, we created conditional lethal althe mechanism of HTZ1 suppression is through interacleles of H4 by altering these tyrosines to either glycine (Y72G and Y88G) or histidine (Y98H). Phenotypic analysis of mutants expressing these and related alleles revealed that the two binding surfaces are each essential and carry out different functions in gene expression (Santisteban et al., 1997).
Mutants expressing the Y98H substitution allele (hhf1-39) exhibited a variety of transcriptional defects and arrested growth at restrictive temperature at all stages of the cell division cycle, suggesting a general defect in gene transcription. To better understand the molecular basis of this defect, we sought to identify interacting proteins by screening a yeast cDNA library for gene dosage suppressors that would restore growth of hhf1-39 cells at restrictive temperature. In addition to the expected wild-type histone H4 genes, we isolated five independent clones containing an additional gene. Overexpression of this gene suppressed the temperature-sensitive lethal phenotype of the mutant at 37ЊC, and dramatically improved growth at restrictive temperature ( Figure 1A) .
The DNA sequence of this suppressor revealed that it was identical to the sequence of a predicted open reading frame (ORF) on the left arm of chromosome XV (YOL012C; GenBank accession Z74754). This ORF encodes a protein with high sequence homology to the histone H2A.F/Z family of H2A variants. A computational homology search by Jackson et al. (1996) also identified the same ORF as a member of the H2A.F/Z family, which was named HTA3 on the basis of its general similarity to histone H2A proteins. However, as we show below the roles of this gene are clearly distinct from those of HTA1 and HTA2, the major H2A genes in S. cerevisiae, and thus here we will refer to the gene encoding H2A.Z as HTZ1 (http://genome-www.stanford.edu/Saccharomyces/). Figure 1B) . Furthermore, overexpression of HTA1 is unable to suppress the Ts Ϫ phenotype of strains deleted for HTZ1 (described below). Finally, we found that high copy expression of HTZ1 from the ADH1 promoter is unable to rescue the lethality of an hta1 hta2 double mutant (data not shown). Taken together, these results indicate that histone H2A.Z is functionally distinct from other histone H2A-related proteins in S. cerevisiae.
Histone H2A.Z Is Functionally Distinct from Other

HTZ1 Is an Allele-Specific Suppressor of H4 Mutations
In addition to its Ts phenotype, the hhf1-39 histone H4 mutant also exhibits both Spt and Sin transcriptional phenotypes (Santisteban et al., 1997). Since HTZ1 was 
HTZ1 Is Essential at Elevated Temperature
To begin to dissect these pathways, we created an htz1 null allele by disruption of one homolog of the HTZ1 gene in a diploid strain. Tetrads from this hemizygous diploid yielded four viable spores in all cases. However, two spore colonies from a tetrad were invariably smaller than the other two, and this growth defect cosegregated with the htz1 null allele. As shown in Figure 1D , this defect is exacerbated at increased temperature and at 37ЊC, HTZ1 becomes essential for growth. We have tested the htz1 null allele in both S288C and W303 strain backgrounds. The Ts phenotype is partially dependent on strain background and is less severe in W303. rather than bypassing the requirement for SNF/SWI remodeling, the deletion of HTZ1 actually made cells highly dependent on SNF/SWI complex function. double, htz1⌬ ada2⌬ double, and htz1⌬ ada3⌬ double mutants were all recovered from the crosses but all three This surprising genetic interaction with SNF/SWI prompted us to examine whether htz1⌬ might be synare impaired for growth (Figure 3 ). Among these, the htz1⌬ gcn5⌬ double mutant is the most defective. We thetic lethal with other classes of nucleosome modification complexes. Synthetic lethal interactions are known failed to recover the htz1⌬ ada5⌬ double mutant from the tetrad dissections. to occur between genes encoding members of the SNF/ SWI complex and those encoding the SAGA (SPT/ADA/ GCN5) histone acetyltransferase complex (Pollard and HTZ1 and SNF/SWI Act Synthetically at Individual Genes Peterson, 1997; Roberts and Winston, 1997; Perez-Martin and Johnson, 1998). Thus, we anticipated that htz1⌬
Deletion of HTZ1 Makes Nucleosome Remodeling and Modification Essential
What is the basis for the synthetic interaction between HTZ1 and the SNF/SWI complex? In principle, synthetic might be synthetic lethal with mutations in the SAGA complex genes. To test this, the htz1⌬ mutant was lethality could result from the combined load of independent defects produced in sets of separately regulated crossed against strains containing single disruptions of GCN5, ADA2, ADA3, and ADA5/SPT20. The htz1⌬ gcn5⌬
genes. Alternatively, the partial redundancy of Htz1 and , 1996) . We reasoned that individual genes. To test this hypothesis we surveyed if Htz1 and SNF/SWI were acting to remodel promoter the expression of a collection of genes known to differ chromatin, then the sin1 mutation would bypass the in their requirement for SNF/SWI function. requirement for one or both of these activities and reFirst, we looked at genes that do not require SNF/ store inducibility of PHO5 and GAL1. To test this hypoth-SWI function for expression. The transcription of CLN3 esis, the sin1⌬ htz1⌬ snf2⌬ triple mutant was conand the induction of CUP1 transcription are both indestructed through a genetic cross and tetrad dissection. pendent of the SNF/SWI genes (Pollard and Peterson,
The disruption of snf2 alone reduced GAL1 and PHO5 1997). As shown in Figure 4A , the transcription of both expression to roughly 25% of wild-type levels and sin1 is also independent of HTZ1. Moreover, the htz1⌬ snf2⌬ partially suppressed this defect in the sin1⌬ snf2⌬ doudouble mutant shows wild-type levels of CLN3 mRNA ble mutant. However, the sin1 deletion failed to restore expression and CUP1 activation.
expression of PHO5 or GAL1 in the sin1⌬ htz1⌬ snf2⌬ Next, we examined two genes that have a very strong triple mutant. These results suggest that the functional requirement for SNF/SWI. The SUC2 and INO1 genes interaction of Htz1 and SNF/SWI at an individual gene require SNF/SWI function for induction and are poorly defines one or more novel steps in transcription. transcribed in a snf2⌬ mutant (Peterson and Herskowitz, 1992) . As shown in Figure 4B , the transcription of these PHO5 Promoter Chromatin Is Open in the htz1⌬ two genes is independent of Htz1, consistent with the snf2⌬ Mutant finding that the htz1⌬ single mutant does not display a
The failure of sin1 to restore transcription of PHO5 in Snf phenotype (Figure 2 Figure 4C , transcription of PHO5 is strongly positioned nucleosomes establish a closed chromatin induced in both the wild-type and the htz1⌬ single mustructure over the promoter, presumably blocking actant cells. In the snf2⌬ single mutant, PHO5 mRNA is cess to transcription factors. This closed structure is also induced but consistently to only 30%-50% of wildreflected in the strong protection of the chromatin DNA type levels. However, in the htz1⌬ snf2⌬ double mutant, against nuclease digestion. Upon induction, the four PHO5 mRNA is undetectable over the 10 hr time course positioned nucleosomes are altered to form an open of induction. At GAL1, expression in both the htz1⌬ and configuration and the chromatin DNA becomes more snf2⌬ single mutants was partially decreased and this accessible to nuclease digestion. The accessibility of a was further reduced in the htz1⌬ snf2⌬ double mutant, ClaI restriction site within the second promoter nucleoalthough the magnitude of the repression in the double some provides a sensitive assay to distinguish the active mutant was consistently less severe than at PHO5 (Fig- and inactive chromatin state of the promoter (Almer et ure 4C, see also Figure 5 ). As a control for nonspecific al., 1986). The results of such nuclease accessibility interactions, we also tested for induction of PHO5 in an assays are illustrated in Figure 6 . In wild-type cells the htz1⌬ gcn5⌬ double mutant ( Figure 4D ). In this case, ClaI site is inaccessible to restriction digestion in uninthe transcription of PHO5 was inducible despite the fact duced cells (lanes 1-3) , but becomes accessible when that the htz1⌬ gcn5⌬ mutant is as defective for growth transcription is induced (lanes 4-6). The PHO5 promoter as the htz1⌬ snf2⌬ double mutant. Thus, the htz1⌬ snf2⌬ chromatin in htz1⌬ and snf2⌬ single mutants is also defect in PHO5 transcription appears to reflect a specific accessible to ClaI digestion (lanes 7-12). This is exsynthetic interaction between Htz1 and Snf2.
pected since PHO5 mRNA is expressed in both mutant strains. However, the promoter chromatin is also accesHtz1 and SNF/SWI Function Is Still Required sible in the htz1⌬ snf2⌬ double mutant (lanes 13-16), in a sin1⌬ Mutant even though PHO5 mRNA is undetectable in the double To investigate the molecular basis of the Htz1 and SNF/ mutant ( Figure 6B ). Taken together with the failure of sin1 to suppress the htz1⌬ snf2⌬ double mutant at SWI interaction, we asked whether the double mutant PHO5, these results indicate that the functions carried Immunoprecipitated DNA was first assayed for specific sequences by PCR using a set of 18 primer pairs out by Htz1 and the SNF/SWF complex at PHO5 act downstream of the rearrangement of the nucleosomes spanning the PHO5 locus (Figure 7 ). All PCR reactions contained an internal standard primer pair that amplifies within the PHO5 promoter chromatin. a 3Ј region of the PHO3 gene ( Figure 7A ). PHO3 is constitutively transcribed and is unaffected by inorganic phosHistone H2A.Z Binds the PHO5 Locus If Htz1 acts directly at the PHO5 locus, then it should phate. Input DNA samples were titrated to ensure that the PCR amplification products were proportional to the be a structural component of the chromatin. To examine the physical association of Htz1 with PHO5 DNA, we input DNA ( Figure 7B ). Htz1-HA specifically maps to the intergenic promoter used in vivo cross-linking and chromatin immunoprecipitation (ChIP) (Meluh and Broach, 1999). For these experand terminator regions between YBR094W and PHO5, and again between PHO5 and PHO3. In contrast, Hta1-iments, Htz1 was tagged at its N terminus with three copies of the HA epitope. The HTZ1-HA allele was inte-HA was found rather uniformly across the entire locus ( Figure 7C) . The cross-linking of Htz1-HA in the PHO5 grated at the HTZ1 locus by one-step gene replacement and is wild-type for function. Cross-linked chromatin promoter region is highest under repressing conditions and decreases when PHO5 transcription is induced on was prepared from cells expressing epitope tagged Htz1-HA and the sheared chromatin solution was immulow phosphate medium. This response is specific since there is no change in Htz1-HA cross-linking within the noprecipitated with antibody directed against the HA epitope. As a control for the Htz1 nucleosomes, we also PHO3 promoter region and there is no obvious change in Hta1-HA cross-linking anywhere in the region. Similar tagged Hta1 with the HA epitope to assay the crosslinking of nucleosomes containing the major histone H2A.
experiments were carried out with the GAL1 locus (Figure 7D) . Under repressing conditions on glucose, Htz1-Cells containing the normal chromosomal untagged HTA1 and HTA2 genes were transformed with a single HA was preferentially cross-linked in the GAL10-GAL1 intergene region and this cross-linking decreased when copy plasmid carrying the HTA1-HA allele to express Hta1-HA in some but not all nucleosomes, mimicking the locus was induced by growth on galactose. These results show that Htz1 is a physical component of the the normal occurrence of the variant Htz1-HA in only a fraction of nucleosomes.
chromatin at PHO5 and GAL1 and that its ability to be 
